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This paper describes a scattering method for measuring microwave diffraction fields 
using light modulation. A small photoelectric cell is suspended in the field as a scatterer, 
upon which light pulses shine at an audio rate. Only the signal scattered back by the scut- 
terer is modulated. A coherent detector is used which has an output voltage proportional 
to the square of the tangential component of the field under measurement. Since this 
method dispenses with all electrical connections to the scatterer, circuit complications and 
sources of error due to connection disturbance and scatterer movement are eliminated. 
Hitherto unavailable extensive data for the near-zone diffraction fields of finite cones are 
presented. 



1. Introduction 

In the study of the diffraction of electromagnetic 
waves from obstacles of complex shapes, an exact 
analytical approach is usually not possible and ap- 
proximate mathematical solutions are generally re- 
mote from actual physical conditions. In these 
instances, experimental results obtained with the 
aid of carefully designed apparatus are of great 
importance. 

The conventional probing arrangement with a 
trailing transmission line for measuring d if fraction 
fields tends to distort the fields under measurement 
and make experimental data less reliable. This is 
particularly serious in phase measurements because 
of the unavoidable flexing in the transmission line as 
the probe is moved around in the field. To overcome 
the difficulties involved in this arrangement, a scat- 
tering technique was introduced for the measurement 
of electric field distributions [Justice and Rumsey, 
1955]. The principle of this method is to relate the 
detected signal scattered back from a very short, 
thin, straight wire to the square of the component 
of the electric field along the wire. Although this 
system eliminates the transmission line connections, 
requirements of extreme frequency stability and high 
tuning accuracy limit the usefulness of the system 
from a practical point of view. 

The modulated scattering technique [Richmond, 
1955b] is an extension of the scattering technique 
which is designed to relax the tuning and stability 
requirements and to increase the sensitivity of the 
measurements by simply coding the scattered signal 
from a dipole. The amplitude modulation of the 
scattered field, which is set up by the induced cur- 
rents on the scatterer, may be achieved in several 
ways. The original and most common method em- 
ployed the nonlinear characteristic of a miniature 
semiconductor diode fed by an audio modulating 



signal. The change in t he impedance of the scatterer 
under the modulating current causes periodic changes 
in the current distribution induced on the diode by 
the total field of interest. The amplitude of the 
scattered field, which is set up by these currents, is 
then modulated at the same rate. This modulated 
signal is reflected back to the source, separated from 
the transmitted signal by means of a hybrid junction, 
and subjected to coherent detection. It may be 
shown [Justice and Rumsey, 1955] that when the 
diode satisfies certain requirements, the magnitude 
of the detected signal is proportional to the square 
of the magnitude of the tangential component of the 
electric field along the diode and the phase is twice 
the phase of this component within an additive 
constant. 

Recently this system was revised and extended to 
the independent measurement of magnetic field dis- 
tribution [Strait and Cheng, 1962 a and^ b]. The 
modulated scattering technique employing diode 
scatterers thus offers unique features of application. 
However, the electrical connections to the diodes 
carrying modulating currents still require considera- 
tion. In an experiment where it is possible or re- 
quired to use a conducting ground plane, a major 
part of these connections may be located behind the 
plane. The disturbances that would be caused by 
the exposed parts may be reduced considerably by 
using cotton threads coated with a highly resistive 
material such as aquadag. In a more general experi- 
ment, the exposed connections would introduce prac- 
tical difficulties and impair measurement accuracy. 
Dried aquadag coating also has a tendency to crack 
when the scatterer is moved around. Hence a scat- 
terer which is electrically isolated in the measurement 
space with the possibility of modulation remains a 
desirable device. This paper describes a scattering 
technique using light modulation, which dispenses 
with connecting circuits to the scatterer entirely. 
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Extensive experimental data for near-zone electric 
diffraction fields around finite cones will also be 
presented. 

2. Scattering by Light Modulation 

In the light-modulated scattering technique a small 
photoelectric cell is used in place of the diode scat- 
terer. Focused pulses of a light beam shine on the 
cell at an audio rate. The modulating mechanism 
relies on the periodic change in the conductivity of 
the photoconductive material. Since the scatterer 
is now completely isolated electrically, all complica- 
tions and sources of error due to connection disturb- 
ance and scatterer movement are eliminated. 

2.1. Principle of Operation 

When an obstacle is placed in the radiation zone 
of a source, a total field which is the sum of the inci- 
dent field and the scattered field results in the space 
containing the source and the obstacle. To deter- 
mine the diffraction field near or at the surface of the 
obstacle, it is necessary to measure the phase, mag- 
nitude, and polarization of electric and magnetic 
fields at all desired points. When a conducting 
scatterer is placed at some point in the total field 
to be measured, a current distribution is induced on 
the scatterer such that the field set up by the current 
cancels the component of the original field tangent 
to its surface. If the disturbance on the original 
field caused by the presence of the scatterer is 
negligible, the current on the scatterer, and hence 
the backscattered signal, can be related to that com- 
ponent of the total field along the scatterer. 

The formulation of the backscattered signal due 
to a small photoelectric cell is essentially the same 
as the diode scatterer case except for the fact that 
the resistance change is now a function of modulating 
light rather than current. With an analysis using 
the superposition of the backscattered signals from 
an open-circuited dipole and from a radiating dipole, 
the received signal may be expressed as [Hu, 1960] 



V=V () -K 



E 2 s l 2 s 
Z+Z L 



(1) 



where V is the contribution of the open-circuited 
dipole, E s is the component of the electric field 
along the scatterer, l s is the effective length of the 
scatterer, Z and Z L are the input and load imped- 
ances, respectively, if is a constant if the source 
excitation is kept constant. Only the second term 
in this equation is modulated and detected because 
the load impedance Z L is the only quantity which is 
affected by the modulation. The magnitude of the 
detected signal is then proportional to the square 
of the magnitude of E s , and the phase of the de- 
tected signal is equal to twice the phase of E s plus a 
constant phase shift. 

2.2. Choice of Photoconductive Material 

Photoelectric transducers are devices for con- 
verting optical impulses into electrical signals. 



There are three major categories. The first class 
behaves primarily as variable resistors. A change 
in the intensity of the incident light results in a 
change in the conductivity of the device. These 
are called photoconductors. The second class pro- 
duces an open-circuit voltage which is proportional 
to the light intensity. Finally, the response of a 
third class is in the form of a photocurrent pro- 
portional to the light intensity. 

The photoelectric device used in this experiment 
belongs to the first class, since the modulation 
mechanism is controlled by a variation in the 
resistance of the scatterer. Photoconductivity is 
the phenomenon of an increase in the conductivity 
of a material when it is illuminated by light of 
sufficiently small wavelength. Although this effect 
is observed in almost all semiconductor materials 
and p-n junctions, the magnitude and the level of 
this variation change from material to material. 
This phenomenon is simply caused by the creation 
of extra free carriers upon irradiation. This can 
occur only if the absorbed photons have sufficient 
energy, i.e., hf>E g where E g is the energy gap 
between the conduction and valence bands, h is the 
Planck's constant, and/ is the frequency. 

An extensive study of semiconductor crystals, 
films, and p-n junctions has been made to determine 
the characteristics appropriate for use as a modu- 
lated scatterer. Two considerations are of primary 
importance, namely, the operation of the devices as 
a dipole and the efficiency of modulation and detec- 
tion. The first consideration relates primarily to 
the physical dimensions of the device: it must be 
sufficiently short, slender, and thin relative to the 
operating wavelength, and it is to be operated with- 
out the need of a bias. Efficiency of modulation 
and detection depends upon such factors as spectral 
response, frequency response, sensitivity, noise equiv- 
alent power and detectability, behavior at micro- 
wave frequencies, and tuning possibilities. The 
device should yield a maximum response at or near 
visible light frequencies, change its parameters with 
impinging light intensity when irradiated by micro- 
waves, and offer wide resistance variations from 
"dark" to "light" conditions. Among the many 
different types of crystals, thin films, and p-n junc- 
tions examined, only CdSe and CdS possess suitable 
microwave properties. Resistance curves for com- 
mercially available photoconductive cells CL604L 
and CL605L are plotted in figure 1 versus light 
level. A scatterer made of thin CdSe film was 
selected because of its low light resistance, high 
sensitivity, and relatively fast speed of response. 

2.3. Choice of Modulation Frequency 

Frequency response is determined by the time 
constant of the photoconductive material, which in 
turn is a function of light level. It is essentially 
limited by the decay time that can be directly 
related to the recovery time of the semiconductor 
material. It takes a finite time for charge carriers 
to recombine after the excitation has been removed. 

As a more practical experiment, the amplitude of 
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Figure 1. Resistance of CdS and CdSe scatterers as function 
of light level. 

the a-c signal produced by the detector under the 
action of different modulation frequencies was de- 
termined. The signal was measured across a load 
resistor in series witli a battery and the detector. 
Amplitude curves for CdS and CdSe detectors are 
shown in figure 2 as functions of modulation fre- 
quency. It is clear that in order to obtain large 
signal amplitudes a reasonably low modulation fre- 
quency must be used with these materials. How- 
ever, high-gain amplifiers are bulky at low audio- 
frequencies; a modulation frequency of 300 c/s was 
selected as a good compromise for the overall 
frequency response of the system. 

2.4. The Optical System 

Once the scatterer has been selected, the per- 
formance of a photoconductive modulation system 
depends upon the design of a proper optical system. 
The optical system which was specially constructed 
in accordance with the needs of this experiment 
consists of three main parts: a light source, a 
chopper, and a focusing assembly. 

A high-power concentrated arc lamp (type K-300) 
was used as the light source. A special feature of 
this lamp is its essentially point-source characteristic 
with a brightness of 29,000 candles per square inch. 
The high-intensity narrow beam emitted by the 
lamp results in a uniform, compact spot over the 
surface of the scatterer upon focusing. These 
characteristics made it possible to relax the focusing 
requirements to some extent. It was observed that 
the response of the photoconductive scatterer re- 
mained approximately constant over a distance of 
±5X (X=3.2 cm) about the focusing point. 

Concentrated arc lamps usually do not require 
complicated optics. In this system focusing was 
accomplished by means of two sets of lenses. The 
condensing lens was located at the aperture of a 
ventilated box containing the light source. At this 
stage the uniform light beam emerging from the 
condensing lens was chopped by a rotating chopper 
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Figure 2. Signal amplitude, S, at various chopping 
frequencies. 

blade before it reached the focusing lens. A focusing 
lens of 508 mm focal length was used to focus the 
modulated light energy upon the scatterer. 

The design of the chopper was based on a Fourier 
analysis determining the spectrum of the modulating 
frequency and its harmonics, and relating them to 
the radiation power emanating from the light source. 
It has been shown [McQuistan, 1959] that by this 
analysis a relationship between the aperture radius- 
to-chopper wheel radius ratio and the number of 
notch-tooth pairs may be established to produce a 
fundamental amplitude equal to the ideal sinusoidal 
modulation of radiation emanating from the same 
aperture. The same relationship holds also for the 
equality of the rms value of the radiation modulated 
in the assumed manner to the rms value of the 
radiation modulated in an ideal sinusoidal manner. 
The chopper blade was driven by a hysteresis syn- 
chronous motor operating at a fixed speed of 1800 
rpm. A sequence of light impulses of frequency 300 
c/s resulted from the chopping action of the blade 
containing 10 notch-tooth pairs. 

3. The Experimental Setup 

The experiments were performed in an air- 
conditioned microwave anechoic chamber. The ex- 
perimental apparatus were located on a stand at one 
end of the chamber separated from the radiation 
zone by a wall of commercial electromagnetic energy 
absorbing material. A 20-db horn representing the 
antenna was used to radiate into the room from an 
aperture centered on the axis of the chamber. Light 
illumination was obtained through another aperture 
in the absorbent wall. The block diagram of the 
apparatus used in the experiment is shown in figure 3. 
The use of many of the devices in the diagram is 
self-explanatory. The source was a V-63 klystron 
immersed in a large oil bath to maintain frequency 
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Figure 3. Block diagram of experimental set-up. 



stability. The frequency of operation was 9375 
Mc/s (A=3.2 cm). System performance was moni- 
tored by the frequency meter and the power meter. 
The source establishes an electromagnetic field 
through the antenna. The photoconductive scat- 
terer modulated periodically by the light source 
creates a modulated scattered field which is received 
by the same antenna. Isolation between the trans- 
mitted and the back-scattered signals is accomplished 
by the properties of a transmit-receive hybrid junc- 
tion. If a perfect match is obtained between the 
antenna and the load, the transmitted power is 
divided evenly between them and none enters the 
receiver. The received power is directed to a 
detector hybrid junction by the same property. This 
received signal and a reference signal taken from the 
reference arm of a 20-db coupler are then divided 
between the two collinear arms (in phase in one arm 
and out of phase in the other arm) of the detector 
hybrid junction in which the barretters are mounted. 
Some unmodulated error signal resulting from slight 
detuning of the transmit-receive hybrid junction will 
also be transferred to the detector junction. These 
signals are processed in a receiving system consisting 



of a coherent detector, a selective amplifier of 4 c/s 
bandwidth about 300 c/s, and an output meter. 

The output of the coherent detector can be shown 
to be [Richmond, 1955a] 



V=k\E \\E s \ 2 cos (2y-(3), 



(2) 



where E Zp is the reference signal, E s Z.y is the com- 
ponent of E along the scatterer, and k is a propor- 
tionality constant. The performance of the system 
depends on a good tuning procedure. This proce- 
dure has been explained in detail by Strait and Cheng 
[1962a and b] previously. When the phase shifter 
in the reference arm is adjusted so that the reading 
of the output meter is a maximum (/3=2y), then 



V=k\ E \ \E.\*. 



(3) 



Since k and E are constants, both the amplitude 
and the phase of E s can be determined. 

The scatterer was supported by thin nylon threads 
attached to a large frame. The disturbance of the 
field due to the nonconducting supporting threads 
was completely negligible. The motion of the scat- 
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terer through the field was accomplished by a string 
and pulleys arrangement attached to the frame. 
Since the signal scattered back from the frame is 
not modulated, it does not affect the accuracy of 
the experiment. However, the frame was con- 
structed as large as possible in accordance with the 
dimensions of the room and was covered with absorb- 
ent material to minimize reflection. 

To check the validity of the system, preliminary 
experiments were performed to map the diffraction 
field of a circular aperture in a conducting plane for 
which exact solutions exist and accurate experimental 
results are available [Strait and Cheng, 1962a and bl. 
In all cases, data obtained by using the light-modu- 
lated scattering technique checked very closely with 
previously published results [Vural, 1962]. 

4. Diffraction Fields of Finite Cones 

Scattering of electromagnetic and acoustic waves 
by cones has been investigated in the literature. 
However, most of the previous efforts on this sub- 
ject were concentrated on the evaluation of the back- 
scattered fields in relation to the radar cross sections 
of semi-infinite cones. Even in this simplified prob- 
lem, serious difficulties arose in evaluating numerical 
results from the solutions which were in terms of 
infinite series or integrals. When the wavelength is 
very short in comparison with the dimensions of the 
obstacle, ordinary geometric optics methods can be 
generalized to include diffraction rays. Keller 
[I960] applied the geometrical theory of diffraction 
to the problem of plane- wave back-scattering from 
a finite cone. As far as the present authors can de- 
termine, neither theoretical calculations nor experi- 
mental data are available for near-zone diffraction 
iiclds due to finite cones. The light-modulated 
scattering technique discussed above was adapted to 
measuring the diffraction fields of finite conducting 
cones; it was a task which could not be done with 
accuracy using the more conventional methods. 

Measurements have been made with three right 
circular aluminum cones (half apex angles 20°, 45°, 
and 67°) and with a flat aluminum disk (half apex 
angle 90°) of 5- wavelength diameter. The cones 
have different heights, but all have a base diameter 
of 5X. Because of space limitation, only selected 
data for the 45° cone are presented here. Measure- 
ments with the disk checked very well with the 
published curves of Ehrlich et al. [1955]. A com- 
parison of results is shown in figure 4. 

The tip of the cone is chosen as the origin of the 
coordinate system, and the negative s-axis coincides 
with the axis of symmetry. The incident plane 
wave is polarized in the ?/-direction. Figure 5 is a 
plot of the square of the normalized ?/-component of 
the electric field, \EJE- ; \ 2 , as a function of the dis- 
tance from the tip of the cone along the cone axis. 
Distinct standing waves exist there. Figure 6 shows 
the distribution of \E y /Ei\ 2 at various values of z in 
the principal //-plane (y=0). For negative values 
of z, the readings start from points very close to, but 
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not quite on, the cone surface because of the finite 
dimensions of the photoconductive scatterer. 

Fields at points oil' 1 he principal //-plane were 
also measured. Sample curves in planes containing 
the tip (s=0) and the base (z= -2}£\) of the 45° 
cone are shown in figure 7 for y—\%\, 2Y 2 \, and 
3%\. A composite, three-dimensional contour plot 
for the distribution of \E y /Et\ 2 in the principal H- 
plane for the 45° cone is given in figure 8, which 
affords a better perspective. In order to show the 
difference in the distribution of near-zone diffraction 
lie! ds in the neighborhood of finite cones of different 
apex angles, the corresponding contour plots of 
\E y /Ei\ 2 for the 20° and 67° cones are also given in 
figures 9 and 10, respectively. The cross-polarized 
component of the diffraction field, E x /E if was also 
measured. In all cases, it was much smaller than 

EjyE*. 



5. Conclusions 

A new method for measuring microwave diffrac- 
tion fields has been described. It employs a small 
photoconductive scatterer in a light-modulated scat- 
tering technique which dispenses with connecting 
circuits to the scatterer entirely, thus minimizing 
the disturbance on the field under measurement. 
The varying resistance of the scatterer, changing at 
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Figuee 6. Distribution of |E y /Ei| 2 at various values of z in 
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the rate of the light pulses shining on it, gives rise 
to a received signal at the output of a coherent de- 
tecting circuit which is proportional to the square 
of the component of the electric field along the 
scatterer. Both the amplitude and the phase distri- 
butions of the diffraction field can be accurately 
determined. The validity of this technique has been 
established by comparing results with those obtained 
by other methods. Extensive data on near-zone 
diffraction fields of finite cones, which can not be 
measured with accuracy using more conventional 
methods, are presented. When sensitive photo- 
conductive transducers with even smaller dimensions 
are made available in the future, the light-modulated 
scattering technique can also be extended for mag- 



netic-field measurements [Strait and Cheng, 1962a 
and b]. 
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